We present a device for two-stage frequency upconversion of single-photon-level signals in the 1.55 μm telecom band to the green spectral region with low excess noise, suitable for detection by low-timing-jitter silicon singlephoton avalanche photodiodes (APDs). We achieve a net conversion efficiency of 87% and a system timing jitter below 70 ps FWHM, dominated by the jitter of the APD. Modifications of our device are suitable for downconversion of single photons from visible-wavelength quantum emitters into the telecom band. © 2012 Optical Society of America OCIS codes: 270.5565, 190.7220, 130.7405, 040.1345. The performance of single-photon detectors (SPDs) currently sets the limits on the maximum reach and data rate of quantum key distribution (QKD) systems [1] . For terrestrial QKD based on optical fiber networks, SPDs based on InGaAs/InP avalanche photodiodes (APDs) for the 1.55 μm telecommunications band suffer severe drawbacks when compared with Si APDs for visible and near-IR light [2] . Upconversion detection based on sum-frequency generation (SFG) in χ 2 materials offers a route by which the spectral range of Si APDs may be extended to wavelengths longer than the bandgap of Si; an incident signal at ω 1 is combined with a strong pump at ω p to produce an output at ω 2 ω 1 ω p . The first demonstrations of upconversion SPDs were based on bulk periodically poled lithium niobate (PPLN) crystals and required either nanosecond pulses [3] or resonant cavities [4] to attain appreciable conversion. The use of PPLN waveguides enabled a compact, cw conversion system with pump powers of 100 mW for conversion efficiencies approaching 100% [5] . Several studies have shown that long-wavelength pump sources are required to eliminate pump-power-dependent "dark" counts of upconversion SPDs; with a long-wavelength pump source and sufficient optical filtering, one can achieve upconversion with noise performance below the intrinsic darkcount rate of common Si APDs [6] [7] [8] .
The performance of single-photon detectors (SPDs) currently sets the limits on the maximum reach and data rate of quantum key distribution (QKD) systems [1] . For terrestrial QKD based on optical fiber networks, SPDs based on InGaAs/InP avalanche photodiodes (APDs) for the 1.55 μm telecommunications band suffer severe drawbacks when compared with Si APDs for visible and near-IR light [2] . Upconversion detection based on sum-frequency generation (SFG) in χ 2 materials offers a route by which the spectral range of Si APDs may be extended to wavelengths longer than the bandgap of Si; an incident signal at ω 1 is combined with a strong pump at ω p to produce an output at ω 2 ω 1 ω p . The first demonstrations of upconversion SPDs were based on bulk periodically poled lithium niobate (PPLN) crystals and required either nanosecond pulses [3] or resonant cavities [4] to attain appreciable conversion. The use of PPLN waveguides enabled a compact, cw conversion system with pump powers of 100 mW for conversion efficiencies approaching 100% [5] . Several studies have shown that long-wavelength pump sources are required to eliminate pump-power-dependent "dark" counts of upconversion SPDs; with a long-wavelength pump source and sufficient optical filtering, one can achieve upconversion with noise performance below the intrinsic darkcount rate of common Si APDs [6] [7] [8] .
One of the main drawbacks of long-wavelengthpumped upconversion detectors for 1.55 μm signals is that the photon detection efficiency (PDE) of Si APDs declines rapidly as the pump wavelength gets longer. This effect is even more important for detectors with low timing jitter suitable for high-data-rate upconversion for QKD [9, 10] . To bypass this problem, one may use a cascaded frequency conversion scheme first proposed in [6] . In this approach, diagrammed schematically in Figs. 1(a) and (b), a single waveguide with sequential QPM gratings is used for a two-step process: in a first SFG process (SFG-A), a long-wavelength pump at ω p is summed with the input signal at ω 1 to produce radiation at ω int ω 1 ω p . A second SFG process (SFG-B, here, within the same PPLN waveguide) is used to sum the light at ω int with the same pump to produce the target radiation at ω 2 ω int ω p ω 1 2ω p . For an input signal at λ 1 1.55 μm and λ p 1.8 μm, λ int ≈ 830 μm and λ 2 ≈ 570 nm. This scheme is more suited for integration with typical low-timing-jitter detectors, which have a peak PDE near 570 nm and very low PDE near 830 nm, as shown in Fig. 1(c) .
In this Letter, we will describe aspects of the theory and design constraints of incorporating two QPM gratings within a single waveguide for cascaded upconversion. With such a device, we achieved quasi-phasematching of both SFG processes, enabling 87% conversion efficiency of a signal from 1550 to 570 nm. We also describe an application for a high-speed SPD with a total system timing jitter of 66.9 ps.
First, we briefly develop the theory of a cascaded frequency conversion device. Consider a QPM grating with Fourier components at
The amplitudes of each frequency component, g A z and g B z, may vary along the propagation distance z of the device. They obey the constraint jg A zj 2 jg B zj 2 is ideally 1, which is a manifestation of Parseval's identity for the Fourier transform of a nonlinear coefficient d eff , whose magnitude (but not necessarily whose phase) is independent of z. A two-component QPM grating could be fabricated using, e.g., a phase-modulated structure [11] or an optical superlattice approach [12] . The coupled amplitude equations for normalized field envelopes in a two-stage frequency conversion process, in the limit of an undepleted pump and negligible propagation loss, are given by
where γ j η nor;j P p p , where η nor;j is the normalized conversion efficiency of process j ∈ fA; Bg, and ja k zj 2 photons∕s [7] .
We focus here on the case of sequential gratings, the simplest structure to design and fabricate. Assuming incident radiation only at ω 1 , and perfect QPM for both SFG processes, the conversion efficiency η 2 (η int ) to frequency ω 2 (ω int ) is given as
from which we see that complete conversion from ω 1 to ω 2 is possible only when
This constraint sets the optimal grating transition location L A ∕L γ B ∕γ A γ B . We have also simulated devices with spatially varying g A z and g B z; using a smooth transition from K A to K B it is possible to reduce the required pump power by approximately 20% compared to a device with an abrupt transition. As a proof-of-concept device, we fabricated a two-step upconverter based on the sequential QPM grating approach described above. The waveguide had total length L 5.2 cm, and incorporated mode filters and adiabatic tapers to spatially mode match the input of the waveguide to SMF-28 optical fiber. The waveguide was fiber pigtailed with coupling loss of 0.5 dB, and had propagation loss of 0.12 dB cm −1 . The schematic of our experiment is shown in Fig. 2 . Pump light at 1801 nm from a monolithic PPLN optical parametric oscillator [13] , amplified with a Tm-doped fiber amplifier, was combined with a 1.55 μm signal using a fiber-optic wavelengthdivision multiplexer. The waveguide had QPM periods Λ A 18.55 μm and Λ B 8.25 μm, with L A ∕L 0.64. For initial characterization of the devices, the signal source was a cw tunable external-cavity diode laser.
We first characterized the conversion efficiency of the device versus signal wavelength and temperature. To achieve efficient conversion, both SFG-A and SFG-B must be tuned near their QPM peaks. This was done by noticing that SFG-A and SFG-B temperature tune at slightly different rates. Figure 3(a) shows the experimental results: for a pump wavelength λ p 1801.3 nm, quasiphasematching for both SFG processes was observed for λ 1 1548.2 nm and T 76°C.
We next measured the conversion efficiency of a weak classical input signal at ω 1 . When SFG-A and SFG-B are both tuned to their QPM peaks, the conversion efficiencies η 2 and η int are plotted in Fig. 3(b) , along with a fit to Eq. (2) . Experimental values of the conversion efficiency are defined with respect to the signal power at the input of the waveguide. The efficiency for the cascaded process is limited by the observed propagation loss and by a slightly nonoptimal value of L A for the device.
We demonstrated an application of this device for highclock-rate single-photon detection of a pulsed light source. A pulsed 1550 nm signal was generated using a 10 GHz actively mode-locked laser with pulse length of 10 ps, and using an electro-optic intensity modulator to downsample the pulse train to 1 GHz. This signal was attenuated to a level of 0.01 photons per pulse and upconverted using the two-step upconversion waveguide described above. The output signal at ω 2 was detected using a Si APD (id Quantique id100). Measurements were performed with P p 100 mW, corresponding to a background dark-count rate of approximately 850 counts s −1 , which was attributed to two-step upconversion of noise photons generated by anti-Stokes spontaneous Raman scattering of the 1.8 μm pump [7] . Time-correlated single-photon counting measurements were carried out using a time-interval analyzer (TIA) started by the clock output of the pattern generator and stopped by the APD output electrical pulses. Our results are plotted in Fig. 4 : we observe a FWHM timing jitter of 66.9 ps, which is close to the 50 ps specification provided by the manufacturer. Additional sources of timing uncertainty are due to jitter within the TIA of approximately 25 ps, and noise in the triggering electronics. We do not suspect the introduction of additional timing jitter by the upconversion process.
We believe that cascaded frequency conversion devices may play a broader role in facilitating quantum frequency conversion between two widely disparate frequencies. For instance, a low-noise long-wavelengthpumped device for downconverting single photons from a diamond nitrogen-vacancy center (λ 2 637 nm) to λ 1 1550 nm is not possible in a single step, but using two steps with a pump frequency at ω p ω 2 − ω 1 ∕2 (here, λ p 2.15 μm) should enable low-noise frequency conversion [6] . Extensions of this scheme could be used to frequency convert photons from trapped ions to the telecom band, as well [14] .
To conclude, we have demonstrated 87% conversion efficiency of a telecom-band signal to the green spectral region via a two-step frequency conversion process within a single waveguide with two QPM gratings. Using a picosecond pulsed single-photon-level signal, we have demonstrated timing resolution below 70 ps, which may enable higher-data-rate quantum communications and QKD. In addition, the general scheme described here provides a means by which quantum frequency conversion may be done efficiently between two widely disparate frequencies with low noise, which is, in general, not possible with a single frequency conversion process.
